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1. Introduction 
A B S T R A C T  
In recent years. timber-concrete composite systems have become more widely used as a new constmc- 
tion technique for buildings and bridges. The main advantage is that the compressive strength of concrete 
is exploited through the use of composite action while timber beams are able to resist the tensile stresses. 
The level of composite action. which can be achieved by the system. is dependent on the type of shear 
connector used. There is a lack of howledge. however, on the performance of these types of connections 
when subjected to cyclic loading, which is typical for bridges. Testing was performed in the Structures 
Laboratory of the University of Canterbury to analyse the fatigue behaviour of two types of timber-con- 
Crete connections via push-out specimens, and two beam specimens representing strips of composite 
floor with the same connection types. The two types of connection investigated were: (i) a rectangular 
notch connection reinforced with a coach screw (also known as lag screw); and (ii) a cohnection with 
toothed metal plates punched into laminated veneer lumber (LVL). The stiffness of the connection was 
monitored throughout the cyclic loading along with the total amount of slip occurring between the con- 
crete and timber. After the application of 2 million cycles, the push-out and beam specimens were loaded 
to failure in order to quantify their maximum strength. The strength of the rectangular notched connec- 
tion after cyclic loading was 0.95 times of the one without cyclic loading, while for the metal plate con- 
nection was 0.60 times. For the metal plate connection. a continuous increase in slip was observed with 
increased cycles possibly due to accumulated damage from repeated loading. The rectangular notch con- 
nection displayed more resistance to changes in slip. strength and stiffness than the metal plate connec- 
tion. No obvious loss of stiffness was observed in the rectangular notch connected floor beams after 
2 million cycles, and when tested to failure the stiffness was very similar to the same floor beam that 
had not been cyclically loaded. The floor beam with metal plate connections did not perform well and 
failed after 350.000 cycles. The loss pf strength, stiffness and composite action in this floor beam com- 
pared to the one without cyclic loading was significant In this respect. the rectangular notch connection 
system is recommended for use in bridge design as opposed to metal plate connections. 
O 2013 Elsevier Ltd. All rights resewed. 
Over the last few years there has been significant development 
regarding timber-concrete composite (TCC) beams as a new 
construction technique for buildings and bridges [I] .  The system 
consists of timber beams, usually either glued laminated timber 
(glulam) or laminated veneer lumber (LVL), supporting a 
reinforced concrete slab. Composite action is achieved through 
the use of shear connectors between the timber and concrete. 
The design philosophy of TCC is that the concrete is designed to 
resist compression and bending. while tension and bending are 
* Corresponding author. 
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resisted by the timber. and shear is transferred through the 
connectors. 
Restricting the amount of slip that can occur between the 
concrete slab and timber beam, when the TCC beam is subjected 
to  bending, is the key to  creating effective composite action. In 
relation to this. studies have been performed using numerical 
analyses to find the relationships between ductile connectors, load 
carrying capacity and slip deformation in timber-concrete com- 
posite beams 121. A continuous stress and strain profile is formed 
between the two materials when there is no slip, which leads to 
full composite action. The concrete slab ends up being mostly in 
compression and the timber beam in tension, depending on the 
position of the neutral axis in the section (Fig. l(a)). The timber 
in tension removes the possibility of large tensile cracks forming 
in the concrete and the need for extensive reinforcing steel. It is 
0141-0296/$ - see front matter B 2013 Elsevier Ltd. All rights reserved. 
http://dx.doi.org/lO.1016/j.engstmct.2013.08.042 
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Fig  1. Composite action between a timber beam and concrete slab - (a) full composite action. (b) partial composite action. and (c) no composite action. 
difficult to achieve full composite action in TCC beams because the 
shear connectors in TCC beams tend to allow some level of slip. 
Partial composite action can be achieved with a small amount of 
slip as can be seen in Fig. l(b). The strain and stress profiles are 
n o  longer continuous along the composite cross-section but. for 
t h e  most part, the concrete is in compression and the timber is 
in tension. The concrete slab increases the overall bending strength 
of the composite system compared to the case of no composite ac- 
tion (Fig. l(c)). There are also lower deflections with partial com- 
posite action than without. since concrete has a modulus of 
elasticity significantly higher than timber. 
Timber-concrete composite floors were first developed in Eur- 
ope as a way of retrofitting old buildings. Shear connectors such 
as steel dowels were glued into the timber beams and a concrete 
slab was poured over the top of the existing wooden floor [3]. This 
all owed the original wood beams to be preserved while providing 
additional strength. Vibrations and deflections were reduced from 
t h e  increased stiffness provided by the concrete. The concrete slab 
was also able to provide far superior noise control and fire resis- 
tance than the timber floor alone. An example of this type of retro- 
fit is the Kunstmiihle at Rosenheim, which was originally built in 
the  1890s. At the end of 1990s it was renovated with TCC floors 
and it now contains a famous restaurant 141. 
TCC construction has also been extended to bridges simply be- 
cause the concrete deck protects both the timber beams and con- 
nections from water. This reduces the potential for corrosion in 
the steel connections and rotting of the timber, and increases the 
service life of these elements up to twice that of an only timber 
bridge [S]. Connecting timber and concrete with shear connectors 
not only enhances the strength but also the stiffness of the bridge. 
The increase in stiffness minimizes the deflection and allows a 
longer span which is advantageous for bridges. The Mur River 
Bridge in Austria is an example of a TCC deck, which was built in 
1993. The bridge is designed as an arch bridge. which spans a 
length of 85 m and uses threaded steel rods as shear connectors 
between the timber girders and prestressed concrete deck [GI. 
Much research has gone into determining cost effective and 
efficient types of shear connectors for timber-concrete composite 
systems. Experimental push out tests on connections comprising 
of folded toothed metal plates, continuous steel mesh, a hexagonal 
shaped coach screw (also known as lag screw). steel dowel with 
flanges, and folded steel plates were reported [7]. Testing showed 
that sufficient shear strength could be gained from these connec- 
tion types when used with precast concrete slabs. In Australia. 
timber beams. containing "dimples" for shear resistance. embed- 
ded into a concrete slab to verify their composite action were 
tested [S]. This study revealed that better composite action was 
achievable without the use of mechanical fasteners. At the Univer- 
sity of Canterbury. extensive short- and long-term research on LVL- 
concrete composite systems involving push-out and floor beam 
specimens was performed [S]. Many others have done research 
on the long-term behaviour of different connection types [3,9-121. 
If the connections identified above are to be used in bridge 
design. some information regarding their response to fatigue is 
necessary. typically expressed with an S-N curve which can be 
developed by cyclically loading the specimens until failure at 
different stress level. An S-N curve is a graph of the magnitude 
of cyclic stress (S) against the logarithmic scale of the cycles to fail- 
ure (N). A recent study was undertaken to develop an S-N curve for 
a rectangular notch connection without a coach screw and a con- 
nection with crossed glued-in rebars, using glulam timber 1131. 
The S-N graph obtained from their tests predicts that failure of 
the notched connection occurs at a load just above 40% of the static 
connection strength, when 2 million cycles of load have been ap- 
plied. Further efforts to derive S-N curves are reported by Balogh 
et al. [14] in which fourteen 1.6 m long composite beams with 
150(1) x 25(d) mm rectangular notches reinforced with 012 mm 
anchor screws were built. Of these, five beams were statically 
loaded to failure and the remaining beams were tested to failure 
under 1 Hz sinusoidal cyclic load. The fatigue failure was charac- 
terized by block shear of the wood at the notch followed by wood 
tension failure at mid-span. The same authors [IS] tested TCC 
beams that had rectangular notches as shear connectors with 
epoxied steel dowels at the centre of each notch. These beams 
were loaded cyclically 21.600 times to represent live loading in 
an office building. Over the same period. the mid-span deflection 
due to cyclic loading increased only 18% compared to a 56% in- 
crease due to creeu in the beam under sustained load. demonstrat- 
ing reasonably good behaviour under cycling load in the reinforced 
rectangular notches. Consistent with this finding. Dohrer and Rau- 
tenstrauch [lG] concluded that notches with stud connectors be- 
haved well under fatigue loading, showing no loss of strength 
nor stiffness. The fatigue behaviour of dowel type shear connectors 
in fibre reinforced polymer glulam-concrete composite beams 
when subject to 2 million cycles of load was reported by Weaver 
et al. [ I  71. Testing was used to determine the long-term behaviour 
of a bridge being constructed at that time using the tested connec- 
tion. Other research related to fatigue behaviour. but not of com- 
posite beams, was canied out by Davids et al. [IS]. The purpose 
was to assess the fatigue performance of untreated, fiber-rein- 
forced polymer (FRP) glued laminated (glulam) timber beams for 
bridge applications. Two million cycles of 1-2 Hz frequency were 
applied on twenty-five 6.4 m long FRP-reinforced glulam beams 
which had been pre-conditioned. Different levels of reinforcement, 
moisture cycling, and initial delamination were considered for the 
different specimens. No noticeable loss of strength nor stiffness in 
the beams during the fatigue test was observed, proving that FRP- 
reinforced glulam could be successfully used for bridge girders 
[IS]. 
Investigations by Yeoh et al. [ I  91 identified rectangular notches 
cut into the timber and reinforced with a coach screw (or lag 
screw) and paired sets of toothed metal plates among the best type 
of shear connectors for TCC systems (Fig. 2). These two connection 
types showed high strength and stiffness when tested to failure. As 
a continuation of this research. the two connection types have 
been cyclically loaded. in order to analyze their fatigue behaviour. 
and eventually tested to failure. Floor beams with the same con- 
nection types were also cyclically loaded. This paper describes 
Fig. 2. Two types of connections tested under cyclic loading: (a) rectangular notch reinforced with a coach screw. and (b) perforated toothed metal plates. 
the testing procedures, influence of cyclic loads to stiffness and 
strength, and applicability of TCC with the proposed connections 
for bridges. 
2. Experimental setup 
A symmetrical push-out test set up was used, where two con- 
crete slabs were connected to both sides of a length of LVL timber 
through the use of the shear connectors as shown in Fig. 3. The 
specimen was elevated off the ground by resting the ends of the 
concrete slabs on steel sections. Load was applied to the top of 
the LVL using a hydraulic ram, with half of the force applied to each 
shear connector. Load was transmitted into the connection and. by 
shear forces, to the concrete slab and down to the ground. The steel 
plate resting on top of the LVL timber allowed the load applied 
from the ram to be distributed over nearly the whole width of 
the timber rather than as a concentric point load. 
The LVL was 750(1) x 400(b) x 63(d) mm and manufactured by 
Carter Holt Harvey. The mean bending strength and elastic modu- 
lus were 58.6 MPa and 113 GPa. respectively [20]. The 65 mm 
thick slab on both sides of the LVL was built with 35 MPa low 
shrinkage concrete. with 13 mm aggregate size and l2Omm 
slump, supplied by Firth Concrete. The mean compressive strength 
of the concrete at 28 days was 45 MPa. The reinforcement in the 
slab was 10 mm diameter deformed bar at 200 mm c/c, with char- 
acteristic tensile strength of 300 MPa and an elastic modulus of 
200 GPa. 
A total of 2 million cycles of load were applied to the connec- 
tions at a frequency of 4 Hz using a 10,000 kN Dartec make Univer- 
sal Testing Machine which had a speed of up to 16mmls. Fig. 4 
gives a graphical representation of this loading pattern. The num- 
ber of cycles was considered to be representative of the actual 
number of significant load variations to which a bridge would be 
subjected during its service life. The 4 Hz frequency simulates cars 
travelling across an 8 m long bridge at a speed of 115 km/h. Cycles 
were applied to the connection specimens between 8 am and 4 pm. 
During the night the load was completely removed from the test 
specimens until the morning for safety reasons. A total of 28 days 
was required to complete the 2 million cycles on each connection 
specimen. 
The load applied to the push-out specimens cycled between 
56 kN and 111 kN. corresponding to 20% and 40% of the ultimate 
mean load canying capacity for a pair of connectors in a push- 
out specimen respectively (Fig. 4). The maximum load that could 
be carried by the two connection types was previously determined 
from monotonic push out tests [I 91 as 277.8 kN and 278.6 kN for a 
pair of rectangular notches and pair of toothed metal plates, aver- 
aged from six and eight specimens, respectively (see Fig. 2). The 
load range applied to the connection is a typical live load range 
that would be expected at the serviceability limit state of a bridge. 
and is used to control the ultimate limit state of fatigue. The same 
range was used by Weaver et al. [I71 based on stress calculations 
for a bridge design constructed in Fairfield. Maine in 2003, which 
incorporated the tested connections. A load of 0.4Fm, is also just 
below the load at  which failure was estimated to occur after 2 mil- 
lion cvcles as shown bv Kuhlmann and Aldi 1131. It would, there- 
. .
fore, be expected that the connection specimens would not fail 
during testing. 
The cycles were stopped at different intervals during the test 
and 10 slow cycles of load were applied so that the stiffness and 
slip of the connection could be measured. These cycles ran at about 
0.3 Hz and had the same maximum and minimum load as the 4 Hz 
0 0.2 0.4 0.6 0.8 1 
Time (s) 
Fig 3. Typical experimental setup of a symmetrical push-out specimen for cyclic Fig 4. Cyclic load at 4 Hz between 20% and 40% of the ultimate mean load carrying 
test. capacity of the connection during the fatigue test. 
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Fig. 5. Half span side elevation of LVLioncrete composite floor beams in a four point bending test configuration (a) rectangular notched connection reinforced with coach 
screw in the first beam; (b) metal plate connections in the second beam (dimensions in mm). 
cycles. The slip between the concrete and timber was recorded 
through the useof potentiometers placed on either side of the con- 
nections, TWO potentiometers were positioned as shown in Fig. 3 
and another two on the other side of the connection system at 
t h e  same locations. A computer controlled data acquisition system 
recorded the load applied to the connection during these 10 slow 
cycles. By averaging the slip and stiffness measured from the 10 cy- 
cles, the slip modulus at that point in time after a certain number 
of dynamic cycles was determined. 
Once the 2 million cycles had been applied to the connection, a 
push-out test under monotonic loading was conducted up to fail- 
ure of the push-out specimen. The testing procedure followed 
the principles described in the European Standards EN26891 
[ 2  I]. A constant loading rate of 56 kN/min was used throughout 
the test, which corresponded to 20% of the estimated maximum 
load per minute. 
A similar cyclic load regime between 20% and 40% of the esti- 
mated experimental failure load under monotonic conditions was 
applied on two 8 m span beams representative of LVL-concrete 
composite floor strips. up to 2 million cycles and then tested to fail- 
ure using a four point bending test configuration. The connection 
types. LVL and concrete in these beams were similar to the ones 
tested in the push-out cyclic tests. The first composite floor beam 
had six 300 mm long rectangular notch connectors reinforced with 
coach screws along the span. The beam was built from a single 
400(d) x 63(w) mm LVL joist and 65(t) x 600(w) mm concrete slab 
(Fig. 5(a)). The second floor beam was a double LVL with twice the 
slab width and had eight pairs of toothed metal plate connectors 
along the span (Fig. 5(b)). The results from these beam specimens 
tested to failure after cyclic loading were compared to results from 
tests to failure of the same beams without cyclic loads [22]. 
3. Change in connection stiffness and slip 
Table 2 
Comparison of the average shear strength in kN (F,,,,) and secant slip moduli in !04/ 
mm at 40% (K,o.r). 60% (KS.o.~) and 80% (K,,o~) of the shear strength for a single 
connector when tested to failure before and after 2 million cycles. 
Rectangular notch Metal plate 
Bef. Aft AfLlBef. Bef AR Aft.lBef. 
in accordance with EN26891 [21] before, during and after the 
2 million cyclic loading. 
In the rectangular notched connection reinforced with a coach 
screw, a relatively large decrease in stiffness from 1145 kN/mm 
to 818 kN/mm was observed within the first 100,000 cycles of 
loading (Table 1). For the rest of the cycles the stiffness fluctuated 
around an average of 770 kN/mrn. After 2 million cycles of load the 
stiffness had decreased by 0.66 times of that before cyclic loading. 
In the metal plate connection. during the first 100.000 cycles there 
was a large drop in stiffness from 500 kN/mm to 430 kN/mm as 
shown in Table 1. The decrease in stiffness after the final cyclic load 
was 0.77 times of that before cyclic load. The measured stiffness of 
the metal plate connection was approximately half of the rectan- 
gular notched connection. However, both connections behaved 
similarly with almost identical stiffness fluctuation and degrada- 
tion patterns. 
The slip in both connections was inversely proportionate to the 
stiffness in that the larger the slip, the lesser the stiffness. Both 
connections had similar initial slip at fint 1000 cycles. However. 
the metal plate connection was more susceptible to slip resulting 
in a slip twice that of the rectangular notch connection after 2 mil- 
lion cycles. 
The average shear stiffness and slip of the two tested connec- 
tion types for a pair of connectors, calculated from 10 static cycles 4. Creep and environmental influence 
recorded at varying intervals throughout the dynamic testing. is 
presented in Table 1. Table 2 shows a comparison of the average Creep is a common phenomenon in both concrete and timber 
connection shear strength (F,,,,) and secant slip moduli at 40% when a load is applied over a long period of time. For low stress 
(Ks.0.4). 60% (KsWob) and 80% (Ks0.*) of the shear strength calculated levels and no significant moisture variations, any deformation 
Table 1 
Stiffness and average slip measured during cyclic loading from average of 10 slow cycles for a pair of rectangular notch connections reinforced with coach screw and a pair of 
tnothed metal dates. 
- 
Cycles Rectangular notch Metal plate 
Stiffness (kN/mm) Slip (mm) Time Stiffness (kN/mm) Slip (rnm) Time 
1,000 1145 0.220 10:M 496 0.285 13:57 
100,000 818 0.258 10:33 431 0.335 10:40 
1 million 718 0270 16:13 422 0.453 9:55 
2 million 762 0.280 9:13 384 0.625 13:05 
Failure 812 311 
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Fig. 6. Average slip between concrete and timber without load application during the night (a), and day (b) for rectangular notched connection (on the left) and metal plate 
connection (on the right). 
caused by creep can be recovered if the load is removed due to the 
viscoelastic nature of both materials. In order to understand 
whether there was an influence of creep on the cyclic tests carried 
out in this research, a plot of the slip over night when no load was 
applied and the cyclic test was stopped is shown in Fig. 6(a) left 
and right, respectively for rectangular notched and metal plate 
connections. There was a steady decrease in slip once the load 
was removed at approximately 4 pm until about 5 am in both con- 
nections. After this time, the slip remained reasonably constant. 
Approximately 38% and 17% of the initial slip, recorded at the 
beginning of the night, was recovered during the night, respec- 
tively for rectangular notched and metal plate connections. As a 
comparison. the slip of the connections was measured during some 
days when the specimens were not cyclically loaded to determine 
whether changes in temperature and/or relative humidity in the 
laboratory had any effect on the slip recovery. The laboratory 
was heated during the day starting from 7 am until 5 pm every 
day except the weekends. A small increase in slip of 10% of the ini- 
tial value read at 8 am was observed over the course of the day in 
both the connections as shown in Fig. 6(b). Based on the observa- 
tions of the degree of slip recovery in the night (laboratory was un- 
heated) and slip increase in the day (laboratory was heated) when 
no cyclic activity was in progress. it is indicative that slip changes 
in the connections are influenced predominantly by creep effects. 
5. Comparisons of slip due to creep and fatigue 
The accumulated damage resulting from the dynamic loading 
can be compared with a theoretical amount of creep displacement 
that would possibly occur in the connection over the same testing 
period. Fragiacomo et al. [lo] suggested a function using Kelvin's 
generalized rheological model to determine the creep coefficient 
of TCC connections with the Tecnaria shear stud. Kelvin's model 
consists of connecting a linear spring and dash-pot in parallel to 
represent the viscoelastic behaviour of a material under sustained 
load. The integral of the total stress in the system leads to the gen- 
eralized creep function shown in Eq. (1 ). The constant J is the reci- 
procal of the Young's modulus and z is the retardation time. Two 
terms of this function were used to fit a curve to experimental data 
that were gathered on the Tecnaria stud connectors when subject to 
creep testing (Eq. (1)). The constants obtained for the model were 
h = 0.1631.]2 = 0.3245, zl = 0.0677 days. and z2 = 2.9004 days. 
Even though Eq. (1) was proposed for a different type of shear 
connector than those subjected to cyclic loading, it can still give 
an indication of the amount of creep that can be expected. The 
creep model is plotted in Fig. 7 for a period of 28 days, which is 
the equivalent time over which the cyclic loading was applied. A 
sustained load of 42 kN was used in the model, which was the 
average shear force under cyclic loading that one connector was 
subjected to. The experimental data gathered for the two connec- 
tions under cyclic loading are plotted on the same graph. Logarith- 
mic curves (Eq. (2) for the rectangular notch connection, and Eq. 
(3) for the metal plate connection) have been fitted to the experi- 
mental data to gain an indication of the general trend of slip over 
time when subject to cyclic loading. 
Metal plate experimental \ X 0.6 - I 1 Metal plate analytical 
0.5 \ I 
--\-*------ 
,Tecnada analytical 
0.2 Rectangular notch 
analytical 
\ Rectangular notch 
experimental 
Fig. 7. Comparison between experimental slips during the cyclic tests of rectan- 
gular notched and metal plate connectors. and analytical model for creep 
behaviour. 
the same figures. the analytical approximating curves for the same 
connection types not subjected to cyclic loading are also plotted. 
The graph displays the results for a single connection so the load 
is half of what was applied to the specimen. The ultimate strength 
of the connection system for a single rectangular notch was 
163 kN, which was 1.17 times greater than the mean strength 
estimated by Yeoh et al. [I91 in push-out collapse tests to failure 
(Table 2). For a pair of metal plate connectors, the maximum load 
reached was 83 kN, which is only 0.60 times the mean strength ob- 
tained in static tests without cyclic loading (Table 2) [19]. 
The analytical approximation cUNe of the push-out test with- 
out cyclic loading in Fig 8 was proposed by Yeoh et al. [I 91 using 
an analytical model proposed for steel-concrete shear connectors 
1231. The model involves fitting an average experimental curve 
using Eq. (4) for the pre-peak data. and then a linear trend-line 
(Eq. (5)) to the post-peak data, which has been gathered from 
experimental monotonic push-out tests. For the rectangular notch 
connection, the constants a. /I and P, at any relative slip. s were 
found to be 1.40.3.55, and 134.4 kN, respectively, and for the post- 
peak line, the gradient, m was calculated to be -5.78 kN/mm and 
the y-intercept. c was 151.6 kN. For the metal plate connection. 
the constants are a = 0.708. /I = 3.33, P, = 135.1 kN. 
m = -17.5 kN/mm and. c = 197.1 kN. 
The amount of slip in the Tecnaria stud connector predicted for 
creep over the same testing period is shown to be greater than the 
slip in the rectangular notched connection subject to cyclic loading 
but smaller than the slip in the metal plate connection subject to 
cyclic loading. Slip in the connections governs the amount of 
mid-span deflection that can be expected for TCC beams using 
these connections. So, for the rectangular notch connection there 
would be less mid-span deflection from cyclic loading than due 
to creep. This observation is similar to the results that were gath- 
ered by Balogh et al. [15] when mid-span deflection from cyclic 
loading in a TCC beam using notch connections was compared to 
deflection caused by creep. It is possible to conclude that cyclic 
loading has a much larger impact on the metal plate connection 
than it does for the rectangular notch connection. 
6. Connection behaviour with and without cyclic loading 
Fig. 8 shows the experimental shear load-slip curves for the 
failure test of the rectangular notch (Fig. 8(a)) and metal plate 
connectors (Fig. 8(b)). after being subjected to cyclic loading. In 
Slip (mm) 
It can be seen that the stiffness and ultimate strength of the 
rectangular notch connection. measured from the test to failure 
after cyclic loading. was much greater than predicted. This was 
due to concrete continuously gaining strength throughout its life- 
time, considering that the connection specimens that were tested 
under cyclic loading and the ones that were tested directly to fail- 
w e  by Yeoh et al. [I91 were all constructed at the same time. The 
dynamic loading, however, was not applied to the specimens until 
about 14 months after completion of the static push out tests. Be- 
cause of this delay in time the specimens increased in strength. The 
failure of the specimens not subjected to cyclic load occurred in 
fact in the concrete, not in the LVL. 
The rectangular notch connection specimens had been designed 
to fail by shearing and crushing of the concrete notch rather than 
failure in the LVL [19]. After cyclic loading, splitting failure was 
observed in the LVL in the collapse test because the concrete had 
increased its strength which was now greater than the strength 
of the LVL The two-step process involved in the construction of 
the push-out specimens resulted in this failure occuning in the 
0 2 4 6 8 
Slip (mm) 
Fig. 8. Shear force-slip curves for rectangular notched (a) and metal plate connectors (b) tested to failure after 2 million cycles. and comparison with the behaviour of the 
same connectors tested to failure without prior cycling loading. 
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connection on only one side. The concrete on the other side of the 
spec9men was cast a week later and therefore might have been 
weaker due to a different batch of concrete being used. The actual 
strength of the concrete at the time of testing can be estimated 
using Eqs. (6) and (7) given by CEB-FIP Model Code [24]. which 
take into account time effects on the concrete. With s = 0.25 for 
normal hardening cement, t = 434 days (14 months), t, = 1 day, 
and concrete mean compressive strength at 28 days. f, = 45 MPa, 
the compressive strength of the concrete in the connection was 
calculated to be about 54 MPa at the end of the cyclic loading. 
The ultimate strength of the specimens can be recalculated using 
formulas proposed by Yeoh et al. [19,25]. These formulas were 
based on four possible failure mechanisms as given in Eqs. (8)- 
(1 1 ) where f; = compressive strength of concrete; j, = shear strength 
of timber; fc = compressive strength of timber; Q= withdrawal 
strength of a coach screw; b = breadth of timber; d = depth of con- 
crete notch; 1 = length of concrete notch; n = number of coach 
screws in notch; p = depth of penetration of coach screw; L = effec- 
tive shear length of timber; kl = modification factor for duration of 
loading for timber; t and k5 = modification factor for load sharing 
(taken as 1.0 for material with properties of low variability such 
as LVL) 
For the crushing of concrete failure mechanism, the new lowest 
failure load of a single connection without cyclic test estimated 
from these expressions was 170 kN corresponding to a compres- 
sive strength of concrete, f; = 54 MPa. By comparing this new esti- 
mated connection strength, the maximum load of 163 kN exhibited 
by the connection specimen after being subjected to 2 million 
cycles is 0.95 times the new estimated strength. This shows that 
fatigue from cyclic loading caused only a 5% reduction in strength 
capacity in the rectangular notch connection. 
The metal plate connection displayed a decrease in stiffness and 
ultimate strength after cyclic loading when compared to corre- 
sponding values in the absence of cyclic loading as shown in Table 2 
and Fig. 8(b). The metal plate connection exhibited the opposite 
behaviour to that of the rectangular notch connection. Failure in 
the notch connection was caused by crushing of the concrete 
which was directly related to the strength of the concrete. The 
metal plate connection. however, failed due to tearing of the plates. 
which was only dependent upon plate strength. The metal plates 
degraded in strength at the end of the 2 million cycles of load 
due to fatigue. There was a 40% loss in strength of the connection 
when compared to the values in the absence of repeated load tests 
[19]. which also produced an approximately 40% decrease in slip 
moduli calculated using EN26891 [21] at 40%. 60% and 80% of 
the maximum load reached during the test to failure as presented 
in Table 2. 
Greater slip was observed for the metal plate connection com- 
pared to the rectangular notch connection. When tested to failure. 
yielding of the metal plates was the cause of the higher slip and it 
also imparted large ductility to the connection. The notched 
connection displayed some ductile behaviour due to yielding of 
the coach screw but not to the same extent as the metal plate 
connection (Fig. 8). Under cyclic loading the slip of the notched 
connection reached an asymptote fairly quickly. The metal plate 
connection, on the other hand, displayed increasing slip and after 
2 million cycles. the slip was twice that of the notched connection 
(Table 1). It is, therefore, recommended that the notched connec- 
tion be used in bridge design since it gives smaller beam deflec- 
tions, and the shear strength is not significantly reduced by 
repeated loading cycles. 
7. Behaviour of floor beams with and without cyclic loading 
The average stiffness of two floor beams, one with rectangular 
notch connections and the other with metal plate connections. 
are presented in Table 3. Stiffness was measured during some 
static cycles after different progressive intervals of the dynamic 
2 million cycle four point bending tests. The load versus mid-span 
deflections for the static cycle bending tests after selected dynamic 
cyclic intervals are given in Fig. 9. The average stiffness of the floor 
beam with rectangular notch connections was 2.536 kN/mm after 
the Erst 1000 cycles. and 2.513 kN/mm at the end of the 2 million 
cycles. There was no obvious stiffness degradation in this floor 
beam (Fig. 9). The floor beam with metal plate connections 
performed quite differently after the dynamic cycles. There was a 
continuous stiffness degradation after each interval of dynamic 
cycles (Fig. 9). After 350.000 cycles. the floor beam exhibited only 
2.038 kN/mm stiffness compared to 4.643 kN/mm after the first 
1000 cycles, showing more than 50% drop in stiffness. 
Fig. 10 compares the load versus mid-span deflection of floor 
beams tested to failure after dynamic cycles performed in this 
study with the same floor beams not subjected to dynamic cycles 
[22]. In Fig. I0 also the upper and lower boundaries of fully com- 
posite and no composite theoretical curves are plotted [22] .  The 
floor beam with rectangular notch comections was tested to fail- 
ure after the attainment of the 2 million dynamic cycles. Based 
on the load versus mid-span deflection curve (Fig. 10(a)), hardly 
any reduction in stiffness can be noticed compared to the case 
without repeated loading. No strength comparison was possible 
as the floor beam without cyclic load was not tested to failure as 
it was used for a vibration test. The floor beam with metal plate 
connections however did not reach the target of 2 million cycles. 
At the end of the 350.000 dynamic cycles, this floor beam failed 
with excessive deflection and loud sound assumed to be the 
tearing of the metal plate. Further inspection of the floor beam 
after failure confirmed that the continuous dynamic cycles had 
tom the metal plate along its length (Fig. 11 ). A large decrease in 
stiffness and strength for this floor beam after the cyclic test com- 
pared to before the cyclic test can also be observed in Fig. 10(b). 
After the cyclic test. the curve had exceeded the lower limit of 
the no-composite boundary. suggesting that at this stage, the 
metal plates had tom, and the floor beam has lost all composite 
action. The maximum load achieved after cyclic loading was 64 
Table 3 
Average stifmess (in kN/mm) of floor beams measured during 10 static cycles after 
inte~als  of dynamic cycles. 
After With rectangular notch With metal plate 
cycles connection connection 
I k 2.536 4.643 
1 Ok 2.559 4.888 
50k 2.506 4.743 
lOOk 2.503 2.977 
325k 3.222 
350k 2.038 
l m  2.515 
2m 2.513 
Note: k and m denote thousand and million. respectively. 
.---.. AFTER l k  1 
- - m E R l m  1 
- AFTER 2m I i I 
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F i g  9. Load versus mid-span deflection of 10 static cycles performed after selected dynamic cycles for (a) rectangular notch floor beam; and (b) metal plate floor beam. k and 
m represent thousand and million cycles, respectively. 
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! 
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Fig. 10. Load versus mid-span deflection of test to failure, with and without dynamic cycles, for LVL-concrete composite beams with (a) rectangular notch and (b) metal plate 
connections. 
Fig. 11. Plate tearing after dynamic cyclic test on the floor beam (left) and enlargement (right). 
kN, approximately 0.40 times the maximum load of the beam not 
subjected to cyclic loads. 
Although the rectangular notch connection push-out cyclic test 
showed a stiffness loss of approximately 34% compared to the va- 
lue before cyclic load (Table 1). the floor beam with the same con- 
nection type did not perform similarly but maintained its stiffness 
throughout the 2 million cycles (Table 3). The metal plate connec- 
tion in a floor beam system on the other hand showed greater loss 
of stiffness (57%) due to cyclic loading compared to 23% for a single 
connector when subjected to dynamic cycles. 
Based on these findings, it is clear that a rectangular notch 
connected floor beam performs satisfactorily under cyclic 
conditions and is suitable for bridge applications. Conversely, a 
metal plate connected floor beam is not suitable for cyclic 
conditions, however has some advantages in terms of increased 
ductility for application in floors. 
8. Conclusions 
Two timber-concrete composite connections and two floor 
beams with the corresponding connection types were tested under 
cyclic loading to simulate fatigue on a bridge. The first connection 
consisted of a rectangular notch cut out of a LVL beam and rein- 
forced with a coach screw, and the second one was made from 
two toothed metal plates pressed between two LVL beams. 
Two million cycles of load, which vaned between 20% and 40% of 
the mean shear strength of the connection under static loading. 
were applied in the form of symmetrical push-out tests at a 
frequency of 4 Hz. Once all the cycles had been completed, the 
specimens were tested to failure. A similar testing protocol was 
used on the floor beams. 
It was found that for both connection specimens that were 
tested, there was an initial large decrease in stiffness when 
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subjected to cyclic loading. The stiffness continued to decrease 
after 10.000 cycles and up to 2 million cycles but at a much lower 
rate. The strength of the rectangular notched connection after cyc- 
lic loading was 0.95 times the one without cyclic loading, while for 
the rnetal plate connection was 0.60 times. 
The rectangular notch connection provided better mechanical 
properties over the metal plate connection. The stiffness of the 
rectangular notch and the shear strength after the cyclic loading 
were twice those of the metal plate connection. A significant de- 
crease in stiffness was observed throughout cyclic loading in the 
metal plate connection. Both connections provided ductility when 
tested to failure but a higher amount was achieved with the metal 
plate connection. 
NO obvious loss of stiffness was found in the rectangular notch 
connected floor beam after 2 million cycles. When tested to failure. 
the stiffness was similar to  the same floor beam that had not been 
cyclically loaded. The floor beam with metal plate connections did 
not perform satisfactorily and failed after 350.000 cycles. The loss 
of strength. stiffness and composite action in this floor beam com- 
pared to one without cyclic load was significant. In other words. for 
a rectangular notched connected floor beam, there would be less 
mid-span deflection due to cyclic loading than due to creep. while 
for metal plate connected floor beam, cyclic loading will incur rel- 
atively larger deflection. 
For bridge design with TCC beams it is recommended that the 
rectangular notch connection be used since less increase in 
mid-span deflection will occur over its senrice life. Better compos- 
ite action is also achieved because the shear strength of the 
connection is greater. These benefits outweigh the ease of con- 
struction provided by the metal plate connections. When using 
these connections in bridge design the additional slip resulting 
from accumulated damage needs to be considered in order to 
satisfy serviceability criteria. More fatigue tests to failure are 
recommended at different levels of variable load in order to derive 
the S-N lines of the connectors which are needed in design. 
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